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Data analysis of neutron diffraction measurement
The neutron scattering data was taken at the CG-4C at High Flux Isotope Reactor, where the data were collected in the -2 mode with neutron wavelength of 4.045 Å. Neutron scattering measurements were also performed on the CORELLI at the Spallation Neutron Source and the HB-1 at High Flux Isotope Reactor. A large reciprocal space was searched but no non-integer film peak was observed, agree with the reported magnetic structure of bulk L1 0 -IrMn.
Considering a collinear spin model for the tetragonal symmetry, the magnetic domain averaged spin projection factor is (23) Since 2 100 = 62.47° and 2 101 = 98.95° from fitting, R and sin 2 ( ) are related by
To determine the experimentally measured R, we first take the peak intensities in different scan direction from where ℎ is the absorption correction due to the substrate. Based on the experimental geometry and neutron wavelength, we found 
Data analysis of ST-FMR measurement
Under the 15, 20, 27) , , is extracted from the following steps. The collected V mix is fitted against external field H using
where the ΔH and H res are the linewidth (half width at half maximum) and resonant field respectively. S and A are the amplitudes of the symmetric and antisymmetric components respectively. The first and second term in the equation above refer to V sym and V asy in Fig.   3C respectively. The effective magnetization M eff is obtained from fitting of the Kittel
where f is the frequency of the microwave, is the gyromagnetic ratio and H k is the effective anisotropic field. H k would be close to zero for a FM layer without in-plane anisotropy. However, it can be large positive or negative values of for exchange coupled AFM/FM bilayer, depending on the direction of H. The damping constant α can be extracted using
The factor of 2 is to stick with broadband FMR formality where the linewidth is defined as full width at half maximum (30, 31 Figure S1 shows the typical M-H loops.
The major advantage of ST-FMR technique in measuring SOT is its self-calibration nature. The overall strength τ DL is always measured relative to τ FL , regardless of the sources of the two torques nor the absolute electric current density in the channel.
Nevertheless, ST-FMR suffers from numerous criticisms, which should be carefully addressed depending on the parameter being investigated. Below discusses some major contributions relevant to this work.
(a) Frequency dependence.
The frequency dependence of ST-FMR signals has multiple roots. For all FMR-based techniques, there is a phase lag between the magnetic field and electric field of the excitation microwave, which varied with frequency. This problem can be minimized by optimizing the physical dimensions of waveguide (the electrode in Fig. 3A ), which ultimately tunes the impedance of the device. Besides, in system with strong internal field, the FMR peaks for lower frequencies shift closer to H = 0, leading to incomplete peaks.
All these factors lead to less confidence in results from lower frequencies. Previous work on ST-FMR only present data from at least 8 GHz or even higher (10, 15, 16, 20) . In our work, we actually measured the ST-FMR spectrum from 5 GHz to 12 GHz ( fig. S2A ).
We find that , for 7 GHz and lower, though not always, is frequently overestimated ( fig. S2B ). However, Δ and at these frequencies do not deviate notably from the expected trends ( fig. S2C-D) . Nonetheless for consistency and clarity, we omit data from 5-7 GHz and focused on 8-12 GHz strictly in the main text. Doing so results in little harm to our conclusions. , for 8 GHz and higher is roughly invariant, and we look at 9 GHz for comparison.
(b) Parasitic fields due to inhomogeneous current distribution.
When inhomogeneity in the interface of IrMn/Py is sufficiently large, there will be a net where R is the device resistance, e is electron charge, w is device width, is the maximum precession cone angle and G eff is the effective spin mixing conductance.
Among these parameters, V SP is essentially governed by the strength of spin pumping fig. S4 .
Therefore, based on the above evidences, we assume the spin pumping effect is likely to be small in our measurement. effect is expected to be even smaller for 0.5-nm Cu spacer, which is hardly continuous.
Ab initio calculation of intrinsic spin Hall conductivity (SHC)
Density functional theory (DFT) calculations were performed to calculate the band structure and the intrinsic spin Hall conductivity (SHC) of L1 0 -IrMn using full-potential local-orbital minimum-basis (FPLO) code (44,45). The generalized gradient approximation with Perdew-Burke-Ernzerhof (PBE) form (46) was adopted to describe the exchange-correlation interactions between the electrons. Then, the DFT Bloch wave functions were projected onto the atomic-like local Wannier functions to obtain the tightbinding Hamiltonian. The intrinsic SHC was calculated using the Kubo formula approach as below (47)
in which the spin current operator ̂= Table S1 .
The matrices in Table S1 can be transformed to show SHC corresponding to charge current flowing in any direction. For example, we define 
Measurement of electrical resistivity and SHC
We measure the electrical resistivity (ρ) of L1 0 -IrMn using a four-point method on . This value is on the same order comparing to those reported in other works (15,48). Of course, this is only a rough representation of the measured SHC. The loss of spin current density at interface and spin backflow due to ISHE should be addressed in order to make a claim on the absolute value of measured SHC. However, this affects little of the comparison we try to make in this work.
Second harmonic Hall measurement
We appreciate one of the reviewers' suggestion of performing in-plane angle-revolved harmonic Hall voltage (HHV) measurement on our L1 0 -IrMn/Py bilayer, which serves as an independent method of evaluating SOT, comparing to the ST-FMR technique used in the main text.
We perform HHV measurement on both L1 0 -IrMn (22) 
